Interleukin-6 family cytokines have been implicated in adaptive and
Introduction
Interleukin (IL)-6 was originally identified as a factor inducing B-cell differentiation. 1, 2 It is now known that IL-6 is a pleiotropic cytokine that affects a variety of biological events, such as the acute-phase reaction, inflammation, and immunoglobulin (Ig) production. 3 The functional IL-6 receptor consists of two subunits, an alpha chain and the glycoprotein (gp)130. gp130 is a common signal-transducing subunit shared by the receptors for IL-6 family cytokines, including leukemia inhibitory factor, oncostatin M, ciliary neurotrophic factor, IL-11, and cardiotrophin-1. 3, 4 The cytoplasmic domain of human gp130 contains conserved box motifs, which are required for its association with Janus kinases (JAK), 5 and six tyrosine residues. 6 The binding of IL-6 to its receptor activates JAK1, JAK2, and TYK2, which in turn phosphorylate the tyrosine residues in gp130. Among these tyrosines, phosphorylation of the second intracellular tyrosine from the cell membrane (Y759 for humans and Y757 for the mouse) is necessary for the binding of SH2-domain containing tyrosine phosphatase-2 (SHP2). 7 SHP2 is recruited to the phosphorylated Y759, which leads to the activation of the extracellular signal-regulated kinase/mitogenactivated protein kinase (ERK/MAPK) pathway via the formation of a complex with the Grb2-associated binder-1/2. [8] [9] [10] Suppressor of cytokine signaling 3 is also reported to bind to the phosphorylated Y759 of gp130, and negatively regulates its signaling. 11, 12 On the other hand, each of the third to sixth tyrosine residues (Y767, -814, -905 and -915 for humans, and Y765, -812, -904 and -914 for the mouse) of gp130 form a YXXQ motif and their phosphorylation is a prerequisite for signal transducer and activator of transcription (STAT)3 signaling in vitro. 13 We recently generated a series of knockin mouse lines, which were designed to have a chimeric gp130 composed of the extracellular domain of endogenous gp130 and the transmembrane and cytoplasmic domains of human gp130 cDNA harboring tyrosine-mutation(s). One of the knockin mouse lines, designated as gp130 F759/F759 , carries a point mutation introduced at Y759 of gp130. This mutant therefore lacks gp130 Y759-mediated signaling in vivo. gp130 F759/F759 mice are apparently healthy except for the development of splenomegaly and lymphadenopathy within a few months after birth. gp130 F759/F759 mice show enhanced acute-phase responses and IgG2a and IgG2b production in response to thymus-dependent antigens. These findings indicate a negative regulatory role for Y759-derived signaling in vivo.
Listeria monocytogenes is a Gram-positive, facultative intracellular pathogen that provokes cell-mediated immunity in host organisms. Various cytokines are induced during Listeria infection. In the early phase of Listeria infection, IL-1, IL-6, IL-12, tumor necrosis factor (TNF)␣, and interferon (IFN)␥ play a critical role in the protection of the host. 15 The importance of IL-6 in the host response is demonstrated by IL-6-deficient mice, who are highly susceptible to infection by Listeria 16, 17 and Escherichia coli. 18 The injection of recombinant IL-6 into mice renders them more resistant to Listeria infection. 19 Postnatal inactivation of gp130 via Cre-loxP-mediated recombination results in the loss of Listeria resistance. 20 In this study, we showed that a point mutation introduced at Y759 of gp130 resulted in the enhanced susceptibility to Listeria infection in mice, which correlated with the reduction of IFN␥ levels. Our data suggest a possible role for the gp130 Y759-derived signal in the control of IFN␥ levels and resistance to Listeria infection.
Results
gp130F759/F759 mice were highly susceptible to Listeria infection gp130 F759/F759 knockin mice carry a point mutation at the tyrosine residue (Y759) of gp130 that is responsible for SHP2 recruitment, leading to the disruption of ERK/MAPK activation and prolonged STAT3 phosphorylation in response to IL-6 in vitro. gp130 F759/F759 mice have no defect in the development of lymphocytes and myeloid cells, although lymphadenopathy and splenomegaly are clearly observable at 5 months of age.
14 To investigate the effect of the Y759-point mutation on the host response to bacterial infection in vivo, gp130 F759/F759 mice were infected i.p. with L. monocytogenes, and their survival was monitored. As shown in Figure 1a , gp130 F759/F759 mice began to die at 3 to 4 days post infection (p.i.), and exhibited 70% lethality by 14 days p.i. In contrast, only 20% of the control animals died by the end of the experiment. To confirm the higher susceptibility of gp130 F759/F759 mice to Listeria, the titer of living Listeria in organs was examined at 3 days p.i. All animals in both the control and gp130 F759/F759 groups were alive at the time of sample collection in this experiment. Listeria titers in Genes and Immunity the peritoneal cavity, the spleen, and the liver of gp130 F759/F759 mice were 130-, 17-, and 20-fold higher, respectively, than in control mice (Figure 1b) . These results indicate that the early phase of defense against Listeria infection is impaired as a consequence of the point mutation at Y759 of gp130, and suggest that gp130 Y759-derived signaling regulates the susceptibility to Listeria infection.
To characterize the compromised resistance to Listeria infection in gp130 F759/F759 mice, the following experiments were performed. It has been reported that IL-6-deficient mice are highly susceptible to bacterial infection, which is correlated with an impaired neutrophil response. 17, 18 To examine whether or not the enhanced susceptibility in gp130 F759/F759 is due to insufficient neutrophil influx, splenocytes and peritoneal exudate cells (PEC) were isolated at 1 day p.i., and the neutrophil (Gr-1/Mac1 positive cells) population was determined by flow cytometry. Neutrophil counts in the PEC of naïve gp130 F759/F759 mice used in this assay (ෂ12-week old) were not significantly distinct from that in gp130
WT/WT animals, as examined morphologically (data not shown). Listeria inoculation increased the neutrophil population in the spleen and peritoneal cavity two to 10-fold, compared with PBS-treated animals ( Figure 2 ). The level of the neutrophil influx was indistinguishable between control (gp130
WT/F759
) and gp130 F759/F759 mice, suggesting that the mechanism of the enhanced susceptibility to Listeria was not due to an insufficient neutrophil response, as observed in IL-6 deficient mice.
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Functions of gp130
F759/F759 peritoneal macrophages were not impaired Because the i.p. route was used for Listeria infection in this study, it can be assumed that peritoneal macrophages were the first to respond to the bacteria. To examine the macrophage function of gp130 F759/F759 mice, proteose peptone-elicited peritoneal macrophages were incubated with Listeria in vitro to assess their listericidal activity. As shown in Figure 3a , Listeria titers in the cell lysate were similar for control (gp130 WT/WT ) and gp130 F759/F759 groups. Pre-incubation with IFN␥ enhanced the listericidal activity in both groups. gp130 F759/F759 macrophages were able to take in fluorescence-labeled latex beads as efficiently as could control macrophages (data not shown). Nitric oxide production from gp130 F759/F759 macrophages was comparable to that from control (gp130
WT/F759
) macrophages (Figure 3b ). In addition, Listeria infection in vitro induced the upregulation of various kinds of cytokine mRNA, including IL-1␤, IL-6, IL-10, IL-12 p35 and p40, G-CSF, GM-CSF, and TNF␣, in the peritoneal macrophages. In gp130 F759/F759 macrophages, none of the cytokine mRNA levels was dramatically changed (Figure 3c ). These results indicate that gp130 F759/F759 peritoneal macrophages are functionally normal in terms of nitric oxide production, cytokine mRNA upregulation, and listericidal activity.
IFN␥ levels were significantly decreased in gp130
F759/F759 mice Various cytokines can be detected in the circulation during the host response to bacterial infection. To examine the serum cytokine response induced by Listeria infection, serum samples were collected daily for up to 3 days p.i. and analyzed by ELISA. As shown in Figure 4a , serum 
IFN␥ levels in control (gp130
WT/WT ) mice were elevated from 1 day p.i. and then declined at 3 days p.i. In contrast, gp130 F759/F759 mice exhibited only a marginal IFN␥ elevation throughout the time-course. On the other hand, serum IL-6, IL-12, and serum amyloid A levels in gp130 F759/F759 mice at 1 day p.i. were comparable with those of control animals ( Figure 4b ).
To further investigate the reduced ability of gp130 F759/F759 mice to produce IFN␥, PEC and splenocytes were isolated from Listeria-infected mice at 1 day p.i., and were cultured ex vivo with or without re-stimulation with heat-killed L. monocytogenes (hkLM). As shown in Figure 5 , Listeria-infected PEC and splenocytes from control animals (gp130 WT/F759 ) produced a substantial amount of IFN␥ that was released into the supernatant of the overnight culture, even without stimulation. Re-stimulation of the cells with hkLM significantly enhanced the IFN␥ production from the control cells. In accordance with the serum IFN␥ levels shown in Figue 4, IFN␥ production from gp130 F759/F759 PEC and splenocytes was markedly lower than from the control cells. These results indicate that the IFN␥ induction is specifically impaired in gp130 F759/F759 mice.
Murine gp130 was mapped to the D2.2 band of chromosome 13
It has been reported that Listeria susceptibility in mice is controlled by multigenic parameters, whose candidate loci have been identified on chromosomes 5 and 13. 21 The murine gp130 locus has been tentatively mapped to chromosome 13 (D13Ertd699e/3950 marker, the UniSTS database, http://www.ncbi.nlm.nih.gov/genome/sts/), suggesting that gp130 associates with the Listeria susceptibility loci. To identify the murine gp130 locus experimentally, we carried out fluorescence in situ hybridization (FISH) analysis. As shown in Figure 6 , the murine gp130 gene was localized to the D2.2 band of chromosome 13, which is well consistent with the provisionally mapped gp130 locus and has synteny with the human gp130 gene on chromosome 5. 22 However, the murine gp130 locus was quite distal to the region giving the peak lod score for Listeria susceptibility (around D13Mit147).
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gp130
F759/F759 mice on a C57BL/6 background also showed higher susceptibility It has been reported that 129/J and C57BL/6J strains differ in Listeria resistance: 129/J (susceptible) strain exhibits higher mortality than C57BL/6J (resistant) strain. 23 In this study, so far, we used gp130 F759/F759 mice on a 129/Sv × C57BL/6 background, which have been mixed on the process of the knockin mice generation. It therefore should be considered whether or not a different chimerism of 129/Sv and C57BL/6 genetic backgrounds influenced the different susceptibility observed between gp130 WT/WT and gp130 F759/F759 mice. To examine this possibility, gp130 F759/F759 mice were backcrossed to C57BL/6 for WT/WT , respectively) at 3 days p.i. like the result using mice on the 129/Sv × C57BL/6 background ( Figure 1b) .
Another recent report by Boyartchuk et al 21 revealed that the region between D13Mit99 and D13Mit147 on chromosome 13 in C57BL/6ByJ (resistant) strain appears to have the dominant and advantageous effect on the survival of mice infected with Listeria. To examine the possibility that the enhanced susceptibility in B6.gp130 F759/F759 mice is due to a lack of the C57BL/6ByJ-type resistant allele(s) between D13Mit99 and D13Mit147, the carriage of 129-derived regions after seven-times backcross were estimated by typing of microsatellite markers in chromosome 13. Genomic DNA was extracted from mice used in the experiment of Figure 7 , and polymorphism was 
Discussion
In the present study, we infected gp130 F759/F759 mice with L. monocytogenes to investigate the effect of a gp130 Y759-point mutation on the host response to bacterial infection. gp130 F759/F759 mice carry a point mutation at Y759 of gp130, and therefore lack the Y759-dependent signals from gp130, such as the IL-6-induced ERK/MAPK pathway. gp130 F759/F759 mice display splenomegaly and lymphadenopathy within a few months after birth. Moreover, gp130 F759/F759 mice exhibit enhanced production of IgG2a and IgG2b in response to thymus-dependent antigens, indicating a negative regulatory role for Y759-mediated signaling in vivo.
14 In marked contrast to those observations, the present study revealed that gp130 F759/F759 mice were highly sensitive to Listeria at the early stage of infection. Specifically, gp130 F759/F759 mice were defective in the elevation of the IFN␥ levels induced by Listeria infection.
The importance of IL-6 family cytokines in the host response to Listeria infection has been reported previously. Dalrymple et al 17 revealed that IL-6-deficient mice are highly susceptible to Listeria infection, which correlates with an insufficient increase in circulating neutrophils. In gp130 F759/F759 mice, the influx of neutrophils into the peritoneal cavity after the i.p. infection of Listeria was not significantly altered ( Figure 2 ). This apparent difference from the previous study may arise from the different routes of infection used (i.p. in this study vs i.v. 17 ). However, it cannot be ruled out that the neutrophil response does not require gp130 Y759-mediated signals.
gp130 F759/F759 macrophages were able to produce nitric oxide, to up-regulate cytokine mRNA normally, and to kill Listeria in vitro as efficiently as control macrophages (Figure 3 ). These observations fit well with previous studies, in which nitric oxide production from IL-6-deficient macrophages was found to be normal. 16, 17 Of many cytokines, IFN␥ is considered one of the most important mediators of Listeria resistance. IFN␥-deficient 24 and IFN␥-receptor-deficient 25, 26 animals are extremely susceptible to Listeria. Here, the Y759 point mutation resulted in impaired IFN␥ elevation in serum as well as in culture supernatants in response to Listeria infection (Figures 4 and 5) . The responsiveness of gp130 F759/F759 macrophages to IFN␥ appeared normal, as the addition of IFN␥ enhanced listericidal activity and nitric oxide production (Figure 3a and b) . Furthermore, in vivo treatment with recombinant IFN␥ (10 5 units/mouse/day) ameliorated the Listeria burden in the peritoneal cavity and spleen of gp130 F759/F759 mice at day 3 p.i. (data not shown). These results suggest that the defective IFN␥ elevation is a major cause for the reduced Listeria resistance resulting from the Y759 point mutation.
The previously described roles of gp130 Y759 signaling lead to the idea that the disruption of ERK/MAPK acti- 
Polymorphism between 129/Sv and C57BL/6 in chromosome 13 was detected by PCR-based method. Genomic DNA was extracted from the mice used in Figure 7 . C57BL/6-type allele is presented as 'b', and 129/Sv-type allele is shown with 's'. Heterozygous allele is indicated with 'b/s'. D13Mit99-147 is the reported region controlling Listeria susceptibility. 21 . a Microsatellite markers are listed based on cM (MGD map). FISH analysis demonstrated that the murine gp130 gene was mapped to the D2.2 band of chromosome 13 ( Figure 6 ), which well correlated with the provisional gp130 locus on the UniSTS database (D13Ertd699e/3590 marker, 67 cM). The murine gp130 locus was estimated to be 18 to 27 cM apart from the Listeria susceptibility region on chromosome 13 (D13Mit99-D13Mit147), 21 implying that gp130 would be another locus affecting Listeria resistance. Supporting this idea, microsatellite typing (Table 1) revealed that both B6.gp130
WT/WT and B6.gp130 F759/F759 mice, which exhibited the significant difference in Listeria resistance (Figure 7) , possessed the D13Mit99-D13Mit147 region as C57BL/6-type alleles, known to have the advantageous effect on Listeria infection in C57BL/6ByJ mice. 21 In addition, the carriage of the 129/Sv-derived region in B6.gp130 F759/F759 mice was not extended as far as the D13Mit104 marker (Table 1) . This result reduces the possibility that the enhanced susceptibility in gp130 F759/F759 mice is due to the genetic variations between 129/Sv and C57BL/6 strains although the effect of non-segregated 129/Sv-derived region cannot be completely excluded. To date, sequence analysis did not identify mutation at the equivalent tyrosine (Y757) in the mouse gp130 cDNA from the C57BL/6J and BALB/cA strains (unpublished result). It might be arguable that a substrain difference utilized in the different studies affects the results on Listeria resistance; for instance, we used 129/Sv × C57BL/6, Cheers et al 23 utilized 129/J and C57BL/6J, and Boyartchuk et al 21 employed BALB/cByJ and C57BL/6ByJ. However, our current data strongly suggest that this or a similar point mutation in gp130 would have the potential to regulate the host response to bacterial infection.
Genes and Immunity
In summary, a point mutation at Y759 of gp130 resulted in increased susceptibility to the early phase of Listeria infection, which correlated with defective IFN␥ elevation. These results suggest that gp130 is a possible candidate gene for Listeria susceptibility. ) animals (129/Sv × C57BL/6 background) were generated by intercross of F1 hybrid between the germ-line-transmitted chimera derived from one ES clone and C57BL/6. For some experiments, gp130 F759/F759 mice were backcrossed to C57BL/6 for seven generations, and the backcrossed heterozygotes were then intercrossed to obtain B6.gp130
Materials and methods
Mice
WT/WT and B6.gp130 F759/F759 mice (N7F1). Genotypes of these animals were determined by allelespecific PCR using tail-tip DNA.
Listeria infection in vivo
Mice were injected i.p. with 2 × 10 5 colony forming units (CFU) of L. monocytogenes (a laboratory strain, 27 kindly provided by Dr Y Dohi) on day 0. This strain was verified by PCR analysis to possess the inlA gene, which is specific for the L. monocytogenes strain. 28 PCR was also used to show the strain possessed the hlyA and pclA genes, confirming its virulence. 29 Survival of the mice was monitored daily for up to 14 days p.i. To determine the titers of Listeria in organs, mice were sacrificed at 3 days p.i. Peritoneal lavage was performed with 5 ml of ice-cold PBS. The spleen and liver were then isolated and homogenized in ice-cold PBS. The peritoneal lavage fluid and each organ homogenate were plated out in 10-fold dilutions on Tryptic Soy Agar (Difco Laboratory, Detroit, MI, USA) plates. Colonies were counted 24 or 48 h later.
Flow cytometry
Splenocytes and PEC collected at 1 day p.i. were stained with fluorescein isothiocyanate (FITC)-labeled anti-Gr-1 (RB6-8C5, purified and labeled in this laboratory) and allophycocyanin (APC)-labeled anti-Mac1 (M1/70, BD Pharmingen, San Diego, CA, USA) antibodies in the presence of the 2.4G2 supernatant (anti-Fc␥RII/III), 5% rat serum, and 0.1% NaN 3 . The stained cells were analyzed by FACSCalibur.
Nitric oxide production assay
Mice were injected i.p. with 2 ml of 4.05% thioglycollate medium (Difco Laboratory). PEC were collected 3 days later with ice-cold PBS. PEC containing 5 × 10 5 macrophages were cultured in a complete medium (RPMI1640 (Sigma, St Louis, MO, USA), 10% heat-inactivated fetal bovine serum, 50 M 2-mercaptoethanol, 100 units/ml penicillin, and 100 g/ml streptomycin) for 2 h in a 24-well plate. Non-adherent cells were removed by washing with PBS. Peritoneal macrophages were cultured overnight at 37°C, 5% CO 2 in the complete medium with or without LPS (E. coli O55:B5, Sigma), IFN␥ (Peprotech EC Ltd, London, UK) and recombinant human IL-6. 30 The NO − 2 concentration in the culture supernatant was measured with Griess reagent.
In vitro listericidal assay
Mice were injected i.p. with 2 ml of 10% proteose peptone (Difco Laboratory), and PEC were collected 3 days later. After the removal of non-adherent cells, the peritoneal macrophages (8 × 10 5 per well) were cultured overnight in antibiotic-free RPMI1640, 10% normal mouse serum with or without 100 units/ml IFN␥, then infected with 8 × 10 6 CFU of Listeria. After 0.5 h, the macrophages were extensively washed with PBS to remove extracellular bacteria, and immediately lysed in 1 ml of 0.1% Triton X-100 (0 h). The other cultures were incubated in RPMI1640 containing 5 g/ml gentamicin for 2 h, then washed with PBS and lysed in 1 ml of 0.1% Triton X-100 (2 h). The cell lysate was plated out in 10-fold dilutions, and colonies were counted 24 or 48 h later.
RT-PCR
Proteose peptone-elicited peritoneal macrophages remained uninfected (Medium) or were infected with Listeria for 4 h in vitro. Total RNA was isolated using Sepasol-RNA I reagent (nacalai tesque, Kyoto, Japan), following the manufacturer's instruction. Single-strand cDNA was synthesized from 2 g of the total RNA using oligo(dT) [12] [13] [14] [15] [16] [17] [18] (Gibco BRL, Rockville, MD, USA) and MMLV reverse transcriptase RNaseH-(ReverTra Ace, Toyobo, Osaka, Japan). The cDNA product was amplified by primers for IL-1␤, IL-6, IL-10, IL-12 p35 and p40, TNF␣, granulocyte-colony stimulating factor (G-CSF), granulocyte/macrophage-CSF (GM-CSF), and hypoxanthine guanine phosphoribosyl transferase (HPRT). The PCR primer sequences are available upon request.
Ex vivo culture of Listeria-infected cells
Mice were injected i.p. with 2 × 10 6 CFU of Listeria, and sacrificed 1 day later. PEC and NH 4 Cl-treated splenocytes were cultured overnight in the complete medium at 2 × 10 6 cells per well with or without 10 7 CFU of heatkilled L. monocytogenes (hkLM).
Cytokine ELISA
The levels of IFN␥, IL-6, and serum amyloid A (SAA) levels in serum and culture supernatants were measured using a commercially available kit (Biosource International, Camarillo, CA, USA). IL-12 ELISA was carried out with a pair of monoclonal antibodies (C15.6 and biotinylated-C17.8, BD Pharmingen), according to the manufacturer's instruction.
Chromosome preparation and in situ hybridization
The chromosomal location of the mouse gp130 gene was determined by the direct R-banding FISH method. Preparation of R-banded chromosomes and FISH were performed as described. 31, 32 Mixture of the 12-kb CL37 and 5-kb 14TF genomic DNA clones of the gp130 gene was used as biotinylated probes. The probes were labeled by nick-translation with biotin-16-dUTP (Roche Diagnostics, Indianapolis, IN, USA) following the manufacturer's protocol. The labeled DNA fragments were ethanolprecipitated with a 10 times volume of mouse Cot-1 DNA (GIBCO BRL), then denatured at 75°C in 100% formamide. After hybridization, the slides were washed for 20 min in 50% formamide in 2 × SSC at 37°C, and in 2 × SSC and 1 × SSC for 20 min each at room temperature. They were then incubated with Cy2-labeled streptavidin (Amersham, Picataway, NJ, USA) at a 1:500 dilution in 1% BSA, 4 × SSC for 1 h at 37°C. The slides were washed with 4 × SSC, 0.1% Nonidet P-40 in 4 × SSC, 4 × SSC for 10 min each on the shaker, and then stained with 0.75 g/ml propidium iodide. FISH images were observed using a Nikon microscope with filter set B-2A and filter set B-2A and UV-2A. Kodak Ektachrome ASA100 films were used for photomicrography.
Typing of microsatellite markers
Chimerism of C57BL/6 and 129/Sv within chromosome 13 was detected by microsatelite markers. In brief, using genomic DNA extracted from tail-tip, polymorphic regions were amplified by PCR in the presence of dCTP labeled with a fluorescent rhodamine dye ([TAMRA] and [R110], PE Applied Biosystems, Foster City, CA, USA). The PCR products were separated on 5% acrylamide/6M urea gels, and analyzed by ABI PRISM 377 DNA Sequencer. Polymorphism was detected by differences in the length of the PCR product. The MGI database (http://www.informatics.jax.org/) was referred for the PCR primers. Genomic DNA from C57BL/6J and 129+Ter/Sv mice (CREA Japan Inc, Tokyo, Japan) was used as a reference for polymorphism.
Statistical analysis Statistical differences between gp130
F759/F759 and control groups were examined by unpaired Student's t-tests. A P-value less than 0.05 was considered statistically significant.
